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Low‐temperature melts attack adjacent fuel rods and may cause early release of
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vessel see Chernobyl Fukushima)








Investigation of hydrogen source term and materials interactions during 






































Ar + steam + H  
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Element Zircaloy-4 D4 M5 E110 ZIRLO 
Nb - - 1 1 1 
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Sn 1.5 0.5 0.01 - 1 
Fe 0.2 0.5 0.05 0.008 0.11 
Cr 0.1 0.2 0.015 0.002 < 0.01 
 
Oxidation of zirconium alloys – chemical reactions
Hf at 1500 K





-  222 rr
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 E110 Transition from (sub-) 
parabolic to linear 
kinetics after critical 
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Similar kinetics of all 
alloys before transition, 
but strongly varying 






from pseudo‐stable tetragonal to monoclinic
E110









24 h, 900 °C
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M. Grosse, 16th Intern. Symposium on 













T = 1100°C, t = 900 s, pH2 = 13.8 kPA

















Hydrogen diffusion into a Zry-4 cylinder (Ø =12mm, 
l = 20 mm) at 1100°C (time ratio: 1 : 100)
M. Grosse, 16th Intern. Symposium on 






















Spent fuel storage pool accident
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Nitrogen Parabolic reaction kinetics
Oxidation rate in air is much higher than in oxygen or steam
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Consequences of air ingress for cladding
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1 hour at 1200°C in steam 1 hour at 1200°C in air
Loss of barrier effect of cladding
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1 – initially formed dense oxide ZrO2
2 – porous oxide after oxidation of ZrN
3 – ZrO2 / ZrN mixture
4 – -Zr(O)
Format on o  porous an  non‐
protective oxide scales
Oxidation in mixed atmospheres
Zry-4, 1 hour at 1200°C









Strong effect of nitrogen on oxidation and degradation
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50/50 steam/N2








































)(8)()(2)(8 223224 gHgCOlOBgOHCB  ‐760 kJ/mol
)(2)( 2232 gHBOgOHOB 
‐987 kJ/mol
+341 kJ/mol
)(4)()(2)(6 243224 gHgCHlOBgOHCB 
Release of hydrogen, various carbon‐containing gases
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1200 °C  Framatome
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Failure of AgInCd absorber rods ‐ QUENCH‐SR rig
Ar + steam + H  
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Failure of AgInCd absorber rod
Different failure mechanisms: from local failure with melt release to 
global detonation depending sample geometry
Failure temperatures always above 1200°C due to interaction of 
SS with Zry-4 and high vapor pressure of Cd
Release of Cd vapor and absorber melt
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• generation of Ag, In, Cd aerosols
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